Abstract: Strip roads serve to enable silviculture operations, maintain biodiversity, and decrease damages to the soil and environment. At the same time, strip roads decrease the productive area. The aim of this study is to evaluate the influence of strip roads on the productivity of spruce plantations growing in different density regimes. Five trials, each of 0.234 ha area, with different density regimes and two replications in an experimental spruce plantation were used for this study. The permanent plots were established in the plantation of 15 years of age and were remeasured every 4-5 years over 24 years. Differences in tree growth between outer rows bordering strip roads and inner rows, 1.75 and 3.5 m from the strip road, were estimated using t statistics. The gross annual increment of trees in outer rows at age 39 years exceeded the increment of trees in inner rows by up to 60%-78%. Increase of productivity occurred primarily due to the more intensive diameter growth and higher density of trees in the outer rows. In general, the influence of strip roads on the total productivity of plantation depends on the ratio of the growth intensity of trees between outer and inner rows as well as ratio of the width of treed strips to the width of the strip road.
Introduction
Plantations are managed through intensive land processing; stand tending; and the application of special measures against insects, weeds, and diseases [1, 2] . Most management measures require applying a specific technique at the stand scale. Investigations of the growth of trees close to open areas have shown inconsistent results [3] [4] [5] [6] [7] . The natural questions thus arise, what is the ratio of the growth of trees in rows along strip roads to the growth of trees in inner rows, not adjacent to strip roads? What losses of productivity can occur as a result of utilizing some of the productive area of a plantation for roads, thereby decreasing the number of trees grown per area? These questions become especially acute given the increasing interest in short-rotation plantations [1, 2, 8] . One of the most important tree species suitable for intensive growing, achieving 15-20 m 3 /ha per annum in Lithuanian conditions, is spruce (Picea abies, L.; [9] ).
The aim of this study is to evaluate the influence of strip roads on the productivity of spruce plantations growing in different density regimes. To achieve this aim, the following objectives were set:
to estimate the differences in tree growth (diameter and height) in the first, second and third rows next to a strip road; -to estimate the differences in mean diameter, mean height, stem volume and volume increment of trees growing in the first row next to a strip road (outer) and all other rows (inner), among which growth is similar; and -to estimate lost productivity due to losses of productive area to strip roads as well as the compensation for these productivity losses generated by the different structure and growth of trees in the first, second and third rows next to a strip road.
Material and Methods
Experimental plot No. 204, established in 1992 by the Lithuanian Forest Research Institute [8] , was used for the investigation. This experimental plot is situated in a spruce plantation in Mikoliškės Forest District, Kretinga region, western Lithuania. The climate conditions of this region are favourable for growing of spruce stands. The mean annual temperature during the thirty years changed in the range 5-8 °C, the mean annual precipitation-in the range of 860-1090 mm ( Figure 1 ). Figure 1 . Dynamics of the main gradients of climate-temperature (a) and precipitation (b) according to data of meteorological station "Vėžaičiai" located 7 km from the trial location.
The plantation was established in 1981 by planting 4-year-old spruce saplings on former agricultural land. Drainage at the site is intermediate between normal drainage and temporary moisture surpluses, based on Gleyic Luvisol soil [10, 11] . The experimental area was established with the aim of investigating spruce growth under shortened rotation and different thinning regimes starting from a stand age of 15 years (including the age of the spruce plants when planted). The plantation was established on a completely ploughed area. The area was planted in rows spaced a distance of 1.75 m apart. Every sixth row was left unplanted as a strip road to provide access for the equipment used for the treatment of plantings ( Figure 2 ). The trees in each row were initially planted every 1 m, for a total density of 4700 trees/ha. At the initiation of the experiment, 11 years after planting, 4100 trees/ha (87%) remained in the area. The plantation was established in 1981 by planting 4-year-old spruce saplings on former agricultural land. Drainage at the site is intermediate between normal drainage and temporary moisture surpluses, based on Gleyic Luvisol soil [10, 11] . The experimental area was established with the aim of investigating spruce growth under shortened rotation and different thinning regimes starting from a stand age of 15 years (including the age of the spruce plants when planted). The plantation was established on a completely ploughed area. The area was planted in rows spaced a distance of 1.75 m apart. Every sixth row was left unplanted as a strip road to provide access for the equipment used for the treatment of plantings (Figure 2 ). The trees in each row were initially planted every 1 m, for a total density of 4700 trees/ha. At the initiation of the experiment, 11 years after planting, 4100 trees/ha (87%) remained in the area. Table 1 ) includes five density levels, each of 0.234 ha area, with two replications: trials 1, 2-control (no thinning); 3, 4-three thinning treatments of moderate intensity at ages 15, 20 and 26 years; 5, 6-three thinning treatments at the same ages as in trials 3 and 4, but at an intensity that was higher by one third; 7, 8-two intensive thinning treatments at 15 and 26 years of age; and 9, 10-one most-intensive thinning at 15 years of age. All felling residuals from thinnings were removed from the strip roads. *-in numerator-number of trees at the beginning of experiment, in denominator-at the end of experiment.
The trees in all trials were mapped. The width of the strip road was measured as the outside width, i.e., the distance as restricted by the edge trees [12] . The DBH of every tree and the height of every fifth to seventh tree were measured every 4-5 years or in years of thinning. The last measurement was done at the end of August 2015, when stand was at 39 years of age. The data were processed using a unified system for dendrometry data processing [13, 14] .
Three groups of trees were distinguished for every trial of the experiment. The first group comprised the trees growing in edge rows bordering the strip roads, the second group, those growing in the rows second-closest to the road, and the third group those growing in the third-closest row ( Figure 2 ). For every trial there were ten rows in the first group, ten rows in the second group and four rows in the third group, for a total of 24 rows. In the first group, the number of measured trees was proportional to the density level, ranging from 400 to 66 at the beginning and from 282 to 60 at Table 1 ) includes five density levels, each of 0.234 ha area, with two replications: trials 1, 2-control (no thinning); 3, 4-three thinning treatments of moderate intensity at ages 15, 20 and 26 years; 5, 6-three thinning treatments at the same ages as in trials 3 and 4, but at an intensity that was higher by one third; 7, 8-two intensive thinning treatments at 15 and 26 years of age; and 9, 10-one most-intensive thinning at 15 years of age. All felling residuals from thinnings were removed from the strip roads. The trees in all trials were mapped. The width of the strip road was measured as the outside width, i.e., the distance as restricted by the edge trees [12] . The DBH of every tree and the height of every fifth to seventh tree were measured every 4-5 years or in years of thinning. The last measurement was done at the end of August 2015, when stand was at 39 years of age. The data were processed using a unified system for dendrometry data processing [13, 14] .
Three groups of trees were distinguished for every trial of the experiment. The first group comprised the trees growing in edge rows bordering the strip roads, the second group, those growing in the rows second-closest to the road, and the third group those growing in the third-closest row ( Figure 2 ). For every trial there were ten rows in the first group, ten rows in the second group and four rows in the third group, for a total of 24 rows. In the first group, the number of measured trees was proportional to the density level, ranging from 400 to 66 at the beginning and from 282 to 60 at the end of the experiment (Table 1 ). In the second and third row groups, the number of measured trees also changed correspondingly, ranging from 560 to 74 at the beginning and from 304 to 64 at the end of the experiment ( Table 1) .
The first task was to determine whether the difference in tree growth between the second and third groups was statistically significant. To that end, the growth in diameter and height of the trees in the second and third groups of trees was examined. Growth in diameter and height were estimated by comparing the diameter and height increments of pairs of trees measured every four or five years. The significance of tree growth differences was examined using t-statistics. Depending on the detected significance level of the difference in growth between the second and third groups, the growth data for the two groups would be analysed together or separately with regard to the growth of the trees in the first group.
The next step was to compare the productivity of the trees in the first group to that of all other trees. Productivity is estimated by two parameters: the volume of the growing stock accumulated in the stand and the gross increment, which is the sum of growing stock volume change, volume of dead and volume of felling trees during analysed period. For that purpose, the forest stand parameters of mean diameter, mean height and numbers of living, felled and dead trees were estimated for each tree group in each trial. Mean height was estimated using Lorey's height formula and the measured DBH and measured and modelled heights of every tree [9, 13] .
The third task was to estimate to what degree and over what time period the increased growth of trees in the first group will compensate for the losses of productivity incurred by using productive area for strip roads. For that estimate, we assumed that in a case where no strip roads were established, the growth and production of all trees would be similar to that of the trees in the second and third groups (inner trees). In the case where one row of trees is removed for use as a strip road, the percentage of that lost productivity that will be compensated for by increased growth of "outer trees" is as follows:
where ∆ T = difference in productivity between trees growing in first rows and those in second or third rows, and
where T 1 = productivity of first group trees, in m 3 /ha, T 2,3 = productivity of second and third group trees, in m 3 /ha, K T = the ratio between the productivity parameters of trees in the first and in the second/third groups, and
To generalize, assuming different possible widths of strip road, the loss of productivity, as a percentage, is as follows:
where n R -number of treeless rows used for a strip road, and
where L R = distance between rows bordering the strip road, or width of strip road, in m ( Figure 2 ) n T = number of rows of trees located between two strip roads, and L T = width of the strip with trees, or the distance between outer rows in a strip, in m ( Figure 2 ). Finally, the amount of productivity lost depends on the number of rows of trees between roads (n T ), the number of rows used for the road (n R ) and the ratio of productivity of trees growing in the first row next to a road and all other rows (K T ), which as a percentage, equals the following:
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Results

Analysis of Tree Diameter and Height Growth Differences Depending on Tree Row Position Relative to Strip Roads
The growth in diameter and height of the trees in each of the three groups of rows was estimated. For that purpose, diameter and height increments (Table 2) , their standard deviations, the difference between the increments of trees growing in second and third rows, as well as the difference between trees growing in first rows and those in second and third rows combined and the statistical significance of these differences (Table 3) were estimated. Diameter and height increments. Diameter increment increased with decreasing growing density. The ratio between the diameter increment of trees growing in the most intensely thinned trials (9 and 10) and the densest trials (control trials 1 and 2) was 2-3 ( Table 2 ). Diameter increment was highest during years 15-19 in trials 1-2 and years 19-24 in all other trials. After reaching the maximum, diameter increment decreased. Diameter increment for trees growing in the first row closest to the road exceeded the increment of trees growing in the second and third rows in almost all trials ( Table 2 ). The maximum height increment was attained at 19-24 years in all trials with thinning and 5 years later in the control trials without thinning. The difference between the height increment of trees growing in first rows and those in second or third rows was not as regular and stable as for the diameter increment (Table 2) .
Diameter and height increment variation. Variation of diameter and height increment will be presented in relational, comparative units, as variation coefficients (Figure 3) . Variation of diameter increment was two or more times higher than variation of height increment. Variation of diameter increment increased with increasing age of trees from the beginning of the experiment (stand age 15 years) for trials 1-2 (control) and trials 3-4 with light thinning, whereas for the other trials, it increased from 19-24 years age, while variation of height increment increased in a similar way only in control trials 1-2. Height increment variation in all thinned trials (3-10), which had lower competition between trees for growing space, decreased during years 15-24 and increased in years 24-39 at a similar intensity to the control trial (Figure 3b) . In most cases, the variations of diameter and height increment decreased with increasing thinning intensity. The variation of diameter increment as well as Forests 2018, 9, 640 6 of 14 the variation of height increment in control (not thinned) stands was up to 1.6-2.0 times that of the trials with thinning, sometimes even higher. A regular and stable difference in variation of increment was not observed between trees growing in outer rows (adjacent to strip roads) and those growing in inner rows (second and third rows from the strip road, Figure 3 ). trials with thinning, sometimes even higher. A regular and stable difference in variation of increment was not observed between trees growing in outer rows (adjacent to strip roads) and those growing in inner rows (second and third rows from the strip road, Figure 3 ). Estimation of growth difference between trees growing in different rows. The differences in diameter increment and height increment between trees growing in second and third rows and between those growing in first rows and second plus third rows (combined) were analysed ( Figure 4 , Table 3 ). Estimation of growth difference between trees growing in different rows. The differences in diameter increment and height increment between trees growing in second and third rows and between those growing in first rows and second plus third rows (combined) were analysed ( Figure 4, Table 3 ). (Figure 4, Table 3 ). Differences in the 4-5-year diameter increment between trees growing in second and third rows were not regular and stable; they ranged from -0.28 to +0.29 (0.44) cm. In trials 1-2 and 5-6, negative differences prevailed, meaning that the diameter increment of trees growing in third rows exceeded that of trees growing in second rows. Trials 3-4 and 7-8 exhibited the opposite result, characterized by higher increments in second row trees compared with the third row (Figure 4) . Overall, the Differences in the 4-5-year diameter increment between trees growing in second and third rows were not regular and stable; they ranged from -0.28 to +0.29 (0.44) cm. In trials 1-2 and 5-6, negative differences prevailed, meaning that the diameter increment of trees growing in third rows exceeded that of trees growing in second rows. Trials 3-4 and 7-8 exhibited the opposite result, characterized by higher increments in second row trees compared with the third row (Figure 4) . Overall, the differences in diameter increment between trees growing in second and third rows were not statistically significant at a probability of 0.95; the t-statistic ranges from −1.19 to +1.54 (Table 3) .
The diameter increment of trees growing in the first row next to a strip road in most cases exceeded the diameter increment of trees growing in the second and third (inner) rows. The differences in increment for each 4-5 year period attained 0.56-0.75 cm. The differences are statistically significant for 17 cases out of 20, primarily in trials 1-8 (Table 3) . Only in trials 9-10, with very intensive and early thinning, was the difference in diameter increment between trees in inner and outer rows statistically insignificant (t = −0.54 to +1.85). The trees in trials 9-10 had approximately the same growing space and conditions for growth across all of the rows due to very low density.
Differences in the 4-5-year increment in height between trees growing in second and third rows were especially irregular and random. Within the same trial (for example, trials 3-4) they ranged from −0.78 to + 0.61 m (Table 3) . In all trials, almost equally positive and negative values of differences between the height increments of trees growing in the second and third rows were observed. In 10 cases of 25, the differences were not statistically significant, as the t-statistic did not exceed a value of 2.0. The high variation in height increment differences among the trees growing in second and third rows did not allow the differentiation of these groups based on the specific height growth of trees.
The differences in the height increment of trees between those growing in the first row next to a strip road and those growing in second and third rows was also characterized by very high variation (Table 3) . Differences in periodic height increment ranged from −0.50 to + 0.79 m. Negative differences represented 11 cases out of 25. Statistically significant differences were found for 15 cases out of 25. The results of this analysis show that height growth is not a useful basis for differentiating trees according to their row position.
The results ascertained related to the random pattern of diameter and height growth differences between trees growing in second and third rows, allowed subsequent analyses to use two groups of rows: inner (second and third from the road) and outer (first row, bordering the strip road).
Analysis of Differences in the Main Parameters of Trees Growing in the First Row Next to a Strip Road Relative to All Other Rows
The mean parameters of trees-mean height, mean diameter, density, gross increment and growing stock volume on inner and outer rows were estimated (Table 4) . Mean height. Mean height was estimated using modelled heights and Lorey's formula. Heights for every tree were modelled using a general model [13] and the measured heights and diameters of sample trees, as well as the mean diameter of all trees with measured DBHs.
The intensity of height growth of spruce trees in the experiment increased with age. The site index for all trials during 24 years increased by 5-7 m (Table 1) . This is a typical growth pattern, with increasing growth in the first two to three decades of the formation of a stand on a former agricultural site due to the roots of trees reaching the soil layer saturated by minerals during cultivation of crops.
The mean heights of trees growing in inner rows increased over 24 years by 14-15 m, i.e., an average of 0.6 m per year ( Table 4 ). The mean heights of trees growing in outer rows of trials 1-4 were 1% taller, while in trials 5-8 after decreasing density up to 800-1200 trees/ha, the mean heights of trees in outer rows was 1%-2% less than in inner rows (Table 4 ). This indicates that the mean height differences of trees growing in inner and outer rows may have a minimal influence on differences in productivity.
Mean diameter. Site index D 100 , characterizing the tree diameter growth conditions, did not vary as much with age as with the growing density conditions of the different trials. The diameter growth conditions in the control (1-2) trial were fairly stable (on average 34 cm) across the entire duration of the experiment. The diameter growth site index D 100 in all other trials increased to 52-53 or even 60 cm when the tree density became 800-600 trees/ha (Table 1) . Compared with the height growth of trees, the diameter growth is more sensitive to the density of trees in the stand (Table 4) . This was especially apparent in the control trial, where the additional growing space provided by the road is very productively used by the trees growing on rows neighbouring roads. The mean diameter of trees growing in outer rows in trials 1-4 exceeded the mean diameter of trees in inner rows by up to 1.09-1.13 times, while for all other trials excluding trials 9-10, the differences did not exceed 1.08-1.09. The differences in the mean diameters of trees in outer rows compared with the mean diameter of trees in inner rows increased with age for all trials (Table 4 ). Such differences in mean diameter will result in corresponding and essential differences in basal area and stem volume of 16%-26%.
Number of trees. Number of trees, specific for every trial, was achieved by seeking an equidistant distribution of trees per trial. This condition automatically leads to a higher density of trees in outer rows. The number of trees in the outer rows of all trials exceeded the number of trees in inner rows by 1.06-1.40 times (Table 4) . Differences in the number of trees between outer and inner rows increased with age and with decreasing stand density. Such differences are characteristic not only in trials with artificially regulated density, but also in trials with natural self-thinning. The natural formation of higher density in rows neighbouring roads confirms the objectivity of the artificial formation of higher density in outer rows.
Gross increment. The gross periodical increment (GPI) of trees growing in inner rows increased with age, approaching a maximum at the age of 39 years. The GPI values of trees growing in inner rows in trials 1-4 were very similar. The GPI values of trees in the other trials at 29-39 years of age were 65%-75% of the GPI of trials 1-4 ( Table 4 ). The ratio of the GPI of trees growing in rows bordering the road to that of inner rows increased with age more intensively with increasing diameter and number of trees (Table 4 ). This means that the additional growing space created by the establishment of a road is very efficient for increasing intensity of growth for all trials. The GPI of trees growing in outer rows exceeds the GPI in inner rows nine years after establishing the experiment by 22%-36%, while at twenty fourth years, that value is 43%-78%. The growth response to the additional growing space is comparatively high in all trials, including the control (1-2) trial and the trial with the lowest density of trees (9) (10) .
Growing stock volume. The estimated differences in mean diameters, mean heights and number of trees allow estimation of the differences in an integral characteristic: growing stock volume (Table 4) . The trees of inner rows in the control trials, 1-2, attained the largest growing stock volume at all observed ages. In all other trials, the attained growing stock volume reached 62%-77% of the growing stock volume of trials 1-2. The ratios of growing stock volume of trees in outer rows and in inner rows increase in a very similar way to the ratios of GPI. Ratios of growing stock volume of trees in outer and inner rows for all trials and for all ages ranged from 0.03-0.07 less than ratios for GPI, as the result of the trees removed by felling or by self-thinning.
Analysis of Growth Losses and Capability to Compensate for Them Due to Different Structure and Growth of Trees in the First Row Next to a Strip Road
More intensive growth of trees on rows, directly neighbouring a strip road, is able to compensate for the main losses due to use of productive area for a strip road. The level of growth compensation in our case was estimated by Formulas (1-3) . At the beginning of the experiment, at 15 years of age in all trials, a compensation for GPI losses of 12%-67% was observed (Figure 5a ). The least compensation was observed in the control (1-2) trial. Compensation of GPI losses in this trial increased very intensively with age; a similar pattern was observed for trials [5] [6] . Forests 2018, 9, x FOR PEER REVIEW 10 of 14 Figure 5 . Changes of level compensation of gross increment (a) and accumulated in stand growing stock volume losses (b) due to more intensive growth of trees in rows neighboring to strip road of 3.5 m width depending on age and growing density (trials).
Complete, 100% compensation for growth losses occurred at 28 years of age in trials 5-6 ( Figure  5a ), and in trials 1-2 five years later. In all other trials, compensation for growth losses had attained or was approaching 100% at age 34-39 years. This only varied in trials 9-10, with the lowest density of trees, in which compensation for GPI losses in the last decade only reached 86%-91% and was very stable during the last 10 years.
Very similar tendencies were observed for the investigation of growing stock volume compensation. Compensation for growing stock volume in trials 3-4, 7-8 and 9-10 stabilized at the 73%-85% level in the last decade. In trials 5-6 and 1-2, the compensation level reached 100% at ages 27 and 37 years, respectively.
Discussion
Rational design of strip roads requires answering two questions: (1) what is the response of trees growing at the edge of strip roads, and (2) what total losses or gains result from establishing strip roads in stands?
The first question is closely related to growth patterns in various structural elements of stands. The growth of trees bordering open areas, gaps, and linear objects depends on the type of open area and the state and specific growth of the trees [5, [15] [16] [17] . Open areas formed due to death of weak trees grown in excessively dense conditions, can be prescribed to the areas close to which growing trees cannot compensate for the gross increment losses due to decreased productive area within the open area [5] . The growth pattern of trees growing in the edge zone of the stand changes with age [6] . Trees in the edge zone during stand formation experience conditions of lower density and attain greater mean diameter, lower mean height and less productivity. Later, in maturity, trees in the edge zone maintain higher growth intensity and attain higher productivity-up to 15%-20% more compared with the interior zone of the stand.
Researchers [4, [18] [19] [20] [21] [22] investigating the influence of strip roads on stand productivity have indicated that trees growing no farther than 2-3 m from strip roads exhibit increased diameter growth. Almost all previous researchers have found that that the strongest responses are exhibited by the trees at the edge of the strip road, with an increasing intensity of growth with increasing of time after thinning. The diameter increment of spruce trees in the edge zone 1.5-1.57 m from the strip road increases by 20%-55% compared with the growth of trees in the central zone, 9-16 m from the strip road, whereas in the zone 1.5-3.1 m from the road, the increase is three times less [18] . Isomaki [23] even found that the increment of the trees located behind the edge trees decreased slightly due to increased shading by the edge trees, but such an effect was not confirmed by Makinen et al. [20] . Different widths of strip road (5.6 and 6.8 m.) do not change the intensity of diameter growth of trees Complete, 100% compensation for growth losses occurred at 28 years of age in trials 5-6 (Figure 5a ), and in trials 1-2 five years later. In all other trials, compensation for growth losses had attained or was approaching 100% at age 34-39 years. This only varied in trials 9-10, with the lowest density of trees, in which compensation for GPI losses in the last decade only reached 86%-91% and was very stable during the last 10 years.
Researchers [4, [18] [19] [20] [21] [22] investigating the influence of strip roads on stand productivity have indicated that trees growing no farther than 2-3 m from strip roads exhibit increased diameter growth. Almost all previous researchers have found that that the strongest responses are exhibited by the trees at the edge of the strip road, with an increasing intensity of growth with increasing of time after thinning. The diameter increment of spruce trees in the edge zone 1.5-1.57 m from the strip road increases by 20%-55% compared with the growth of trees in the central zone, 9-16 m from the strip road, whereas in the zone 1.5-3.1 m from the road, the increase is three times less [18] . Isomaki [23] even found that the increment of the trees located behind the edge trees decreased slightly due to increased shading by the edge trees, but such an effect was not confirmed by Makinen et al. [20] . Different widths of strip road (5.6 and 6.8 m.) do not change the intensity of diameter growth of trees at the edge of the strip road [7] . Investigations made in this field allow us to conclude that increased growing space, resulting in increased diameter growth is among the main factors that compensate for growth losses due to establishment of strip roads. Other researchers [20, 21] have also indicated that additional nutrients from felling residuals, concentrated on the strip roads, are another main factor influencing additional increase in diameter growth.
Together with the positive influence of strip roads on tree growth, other researchers [24] also ascertained that 32 years after roads were used for logging, soil remained heavily compacted, resulting in growth reduction within the road and transition zones, resulting in growing stock losses of 11.8% for the total area. A negative influence of strip roads on the growth of trees can also occur in cases where very heavy equipment is used or uncareful harvesting is applied and trees bordering strip roads are damaged [21, [25] [26] [27] [28] .
In our research project, strip roads were established together with the establishment of the stand, leaving every sixth row treeless. Manual techniques were used for thinning, and felling residues were spread across all areas or removed from the area. Light equipment was used for transportation of wood, and no damages in the trial area were allowed. Therefore, the main factor causing additional growth in our case is increased growing space for trees bordering the strip roads. The results of our study, based on regular measurements of permanent plots over 24 years, supplement the existing knowledge about the growth of trees close to open areas on the edges of stands and illustrate that the growth of trees in the outer row of spruce plantations exceeds the growth of trees in inner rows (second and third rows from the road) from the beginning of the experiment, at a stand age of 15 years. No significant difference between the diameter growth of trees growing in the second and third rows from the strip road was observed. Analogous results have also been observed in pine stands [22] .
The increased total yield of outer trees is a result of not only increased diameter growth, but also a higher density of trees in the edge row. The main precondition to achieve maximum growth for every tree in every trial with different density regimes was to guarantee more or less equal growing space for every tree. Trees growing at the edge of a strip road have the chance to use that additional space. That additional space allows for a higher density of trees along the edge row compared to the inner rows. The higher density of trees in rows bordering the strip roads in the naturally developing forest stands in the control trials confirmed the correctness of the practice of leaving a higher density in rows bordering the strip roads during thinning.
In the same way, we confirmed the results of others researchers [7] that differences in trees height growth between outer and inner rows are insignificant, and that tree heights in forest and stand edges are lower than in inner zones [3, 29] .
The growth of trees in outer rows increases with age, and in 39 years the total GPI of outer trees exceeded the total GPI of trees growing on inner rows by 43%-78%.
The influence of strip roads on the productivity of plantations will, in general, depend on the width of the strip road as well as the width of the spacing between roads. In a case where the road width of 3.5 m is increased to 5.25 or 7.0 m, the capability of trees bordering the road to compensate for growth losses will decrease correspondingly by 50% or 33.3% (Formula (4, 5) ). Assuming that the additional intensity of growth of trees bordering the strip road will remain approximately the same [20] whether one or two rows of trees is used for the establishment of strip roads [7, 18] , the compensation level of productivity losses will decrease with increasing width of the strip road and decreasing spacing between roads (Formula (6), Table 5 ). The results of our investigation, expanded to a spruce plantation with an outside width of strip roads from 3.5 to 7.0 m and with a spacing between roads of 7.0 to 24.5 m (Table 5) , showed a wide range of productivity losses. The expected productivity losses due to the establishment of strip roads for a typical situation-outside width of strip road 5 m, spacing between roads 16-24 m, and ratio of productivity of trees bordering the strip road to productivity of trees inside stand 1.5-will be approximately 6%-8%. Investigations of 40-67-year-old spruce stands in southern Finland [12] , showed very similar results, summarizing that strip roads with a 5.1 m outside width, allocated every 30 m and occupying 17% of the stand area, decreased productivity by only 8%. A similar effect, of the growth of spruce trees neighbouring the strip road influencing a decrease of growth losses, has been ascertained by experimental trials in the Czech Republic [7] and in Sweden [18] as well as by using a simulation method [4] . Table 5 . Estimation of productivity losses depending on width of strip road and width of strip of trees. The results obtained in the presented research allow stand managers to optimize the width and spacing of strip roads on spruce plantations depending on the equipment used for silviculture measures, which is especially important for intensive forest growing in spruce plantations with shortened rotation times [1, 2] .
Width of
Conclusions
1.
The growth in the height and diameter of trees in the second and third (inner) rows from a road is statistically homogenous, but this growth is statistically different (at probability 0.95) from the growth of trees in the first (outer) row along a road, depending on age and thinning regime.
2.
Trees growing in outer rows are distinguished by larger mean diameter, higher density, in some cases by higher height and always by higher growing stock and gross annual increment compared with trees growing in inner rows:
The diameter of trees in outer rows exceeds diameter of trees in inner rows by up to 9%-13%; -Differences in the mean height of trees between outer and inner rows may reach ±2%-4%, but these differences are not statistically significant; -The number of trees in outer rows exceeds the number of trees in inner rows by up to 30%-42%, with differences increasing with increasing stand age; -The gross increment of trees in outer rows at age 29-39 years exceeds the increment of inner rows by up to 60%-78%; -
The growing stock volume accumulated in outer rows exceeds that accumulated in inner rows by up to 42%-63%.
3.
Differences in mean diameter and the number and growing stock volume of trees in outer versus inner rows increase with increasing age and decrease with increasing intensity of thinning.
4.
More intensive growth and density of trees in outer rows may compensate for losses of GAI due to the establishment of a road 3.5 m in width by 12%-67% at 15 years and by 86%-156% at 39 years.
5.
Complete compensation for GAI losses occurs in the control trial at 33 years of age, in the 4-time thinning trial (5-6) at 28-34 years age, and in the 2-time thinning trial (7-8) at 38 years of age.
Compensation of GAI losses for 1-time thinning (trial 9-10) reached 86%-91% and stabilized at 29-39 years of age.
Forests 2018, 9, 640 13 of 14 6 . The influence of strip roads on the productivity of a plantation generally depends on the ratio of gross annual increment of trees in outer versus inner rows as well as the ratio of road width to the width of the spacing between roads. Productivity losses due to decreased productive area in spruce plantations with treed strips between roads approximately 20 m wide and 5 m wide roads are expected to be in the range of 6%-12%.
